Abstract Type 2 diabetes is often associated with high blood cholesterol. Here, we investigated the effect of cholesterol loading on MIN6 cells derived from pancreatic β cells. Exposure of MIN6 cells to cholesterol-induced apoptosis in time-and dose-dependent manner. Treatment with methyl-β-cyclodextrin that removes cholesterol from plasma membrane prevented the cells from cholesterolinduced apoptosis. Western blot analysis revealed that the levels of phosphorylated-p38 mitogen-activated protein kinase (P-p38 MAPK) and c-Jun N-terminal kinases (P-JNK) were significantly increased after the cholesterol loading, suggesting that the stress-activated protein kinase signaling was stimulated. A specific p38 inhibitor rescued MIN6 cells from cholesterol-induced apoptosis, while JNK inhibitor failed, suggesting the importance of activation of p38 MAPK signaling in response to cholesterol. The expression of Bip and CHOP, the endoplasmic reticulum (ER) stress markers, remained unaffected, indicating that the ER stress may not be involved in the cytotoxicity of cholesterol on the MΙΝ6 cells. The intracellular concentration of reactive oxygen species measured by use of 2′,7′-dichlorofluorescin diacetate was significantly increased after cholesterol loading, demonstrating the induced apoptosis was mediated through oxidative stress. Addition of reduced form of glutathione in the medium rescued MIN6 cells from apoptosis induced by cholesterol loading. Taken together, these results demonstrate that the free cholesterol loading can induce apoptosis of MIN6 cells mediated by oxidative stress and the activation of p38 MAPK signaling.
Introduction
Type 2 diabetes (T2D) is characterized by an inability of the endocrine pancreas to secrete sufficient insulin to meet the metabolic demands associated with insulin resistance and obesity. The final common pathway in the pathogenesis of T2D, however, is the failure of β cells in the pancreas, which occurs when they can no longer sustain insulin hypersecretion in the setting of insulin resistance. The decreased cell mass and increased apoptosis of β cells were observed in T2D patients (Prentki and Nolan 2006) . The reasons for β cell failure in T2D are not known.
The growing evidences demonstrated hyperlipidemia in obesity and type 2 diabetes is characterized by high levels of free fatty acids, low-density lipoprotein (LDL), triglyceride, and cholesterol (Prentki and Nolan 2006) . It is of note that rat and human β cells express high-affinity LDL receptors leading to lipid accumulation in β cells (Cnop et al. 2002; Grupping et al. 1997) . It was also reported LDL X Lu and J Liu contributed equally to this work.
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causes rat β-cell death (Cnop et al. 2002) . However, how LDL exerts toxic effect on β cells is still not fully understood. LDL belongs to the lipoprotein family, which mainly transports cholesterol from the liver and small intestine to other peripheral tissues. While elevated levels of plasma cholesterol are a common feature of patients with T2D, the potential role of cholesterol in lipotoxic disease of islets has only recently been explored. For example, ATP-binding cassette transporter, subfamily A, member 1 (ABCA1) is a cellular cholesterol transporter. It was reported that the absence of ABCA1 in β cells results in decreased exocytosis of insulin, and also results in decreased cholesterol efflux and accumulation of cholesterol in the plasma membrane (Brunham et al. 2007; de Souza et al. 2010) . These studies indicate that cholesterol is an important factor in mediating the toxic effect of LDL on β cells. In this study, we utilized MIN6 cell line to examine the effect of cholesterol loading on β cells. MIN6 cell line derived from a transgenic mouse expressing the large T-antigen of SV40 in pancreatic β cells exhibits characteristics of glucose metabolism and glucose-stimulated insulin secretion similar to those of normal islets therefore is widely used in the experiments for diabetic research (Ishihara et al. 1993) We used the cholesterol/methyl β-cyclodextrin complexes to deliver cholesterol to MΙΝ6 to mimic the increase of endogenous cholesterol induced by elevated plasma LDL, avoiding the influences from other component of LDL. The most recent studies also utilized similar cholesterol/cyclodextrin (CD) complexes and demonstrated that excessive cholesterol uptake by β cells may contribute to apoptosis partially due to mitochondrial dysfunction, although they did not give detailed molecular mechanism (Zhao et al. 2010) . It was demonstrated that elevated cholesterol content in lipoproteins, as seen in hypercholesterolemia, favors the activation of the stress-activated phosphorylated-p38 mitogen-activated protein kinase (p38-MAPK) pathway in cells from the vessel wall (Dobreva et al. 2005 ). Our present study demonstrates that elevation of intracellular cholesterol directly induces apoptosis of pancreatic β cells through the generation of intracellular reactive oxygen species (ROS) and activation of phosphorylated-p38 mitogen-activated protein kinase (p38 MAPK) signaling.
Materials and methods

Reagents
250× Cholesterol lipid concentrate (CLC) was purchased from GIBCO (Grand Island, NY, USA). It consists of methyl-β-CD and cholesterol in an optimized ratio containing the cholesterol about 7 mM. It was used for cholesterol loading to MIN6 at 1:250-1:50 dilutions. Methyl-β-CD was obtained from Sigma and used to deplete cholesterol from MIN6 cells at 0.125%. SB20358, SP600125 and reduced form of glutathione (GSH) were obtained from Beyotime Institute of Biotechnology (Shanghai, China). The specificity of SB203580 as p38 inhibitor and SP600125 as c-Jun N-terminal kinases (JNK) inhibitor was demonstrated in the previous studies (Bennett et al. 2001; Cuenda et al. 1995; Saklatvala et al. 1996; Ward et al. 1997 ).
Cell line MIN6 cells were kindly donated from Prof. J. Miyazaki (University of Osaka, Osaka, Japan). MIN6 cells were grown in Dulbecco's modified Eagle's medium (25 mmol/l glucose) equilibrated with 5% CO 2 and 95% air at 37 C. The medium was supplemented with 10% fetal bovine serum, 50 mg/ l streptomycin, and 75 mg/1 penicillin sulfate. MIN6 cells used in the present study were harvested at passages 16-23. When indicated, the cells were incubated with diluted CLC at different time intervals. The sterol contents in the whole cell extracts were determined by an enzymatic cholesterol assay kit. When MIN6 cells were incubated with 250× diluted CLC and 2 mM reduced glutathione (cho./GSH), they were incubated for 24 h.
The cell images were obtained by a phase-contrast microscope (IMT-2, Olympus, Tokyo, Japan) equipped with a digital microscope camera (PDMC II, Polaroid, Waltham, MA, USA).
Determination of total sterol contents
Lipid was extracted by the method of Bligh and Dyer (1959) . Total sterol contents in the lipid were measured by an enzymatic cholesterol assay kit (Roche Diagnostics, Mannheim, Germany), which determines the levels of 3β-hydroxysterols.
Analysis of adherent cell number and apoptosis assay
The number of adherent cells after cholesterol loading was analyzed by removing the detached cells by washing the plate once with the medium. The adherent cells were counted after trypsinization and collection by centrifugation.
Apoptosis of MIN6 cells were assessed by immunocytochemistry of active caspase-3 and the terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate-biotin nick end labeling (TUNEL) method using an in situ apoptosis kit (Takara, Otsu, Japan). Procedures for immunocytochemical analysis were described previously (Lu et al. 2006 (Lu et al. , 2008 . In brief, after fixation and blocking, the cells were incubated with the first antibody against rabbit active caspase-3 (Sigma-Aldrich, St. Louis, MO, USA) followed by incubation with anti-rabbit IgG antibody conjugated with Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA). For the detection of Alexa fluor-568 fluorescence, the main beam splitter for excitation, the secondary beam splitter for emission, and barrier filter were 568, 570, and 585 nm long pass, respectively. Several images were captured with the same set of optical parameters. The densitometric analysis was performed using a Multi-Gauge software in LAS-1000 (Fuji Film).
Determination of insulin secretion
MIN6s were exposed to 250× diluted CLC for 24 h in the growth medium. After washing with Krebs-Ringer buffer (KRB) containing 3 mmol/l of glucose, the cells were incubated with the KRB buffer for 1 h and then transferred to the medium containing 20 mmol/l of glucose. At the end of the 1-h stimulation period, the amount of insulin released in the spent medium was determined by ELISA insulin kit (obtained from R & D System Inc. Minneapolis, MN, USA), according to the manufacturer's instructions.
Western blot analysis
Procedures for preparation of whole cell lysates and Western blot analysis were described previously (Lu et al. 2006 (Lu et al. , 2008 . In brief, whole cell lysates (30 μg/lane) were separated by 10% SDS-PAGE, and transferred onto polyvinylidene difluoride membrane (Amersham Pharmacia, Piscataway, NJ, USA). The blots were probed with the first antibodies as described below, followed by incubation with horseradish peroxidase-conjugated anti-rabbit or mouse IgG antibody. Rabbit anti-phospho-p38 MAPK (T180/Y182), anti-phospho-Akt (S347), and anti-phospho-JNK (T183/ Y185) were purchased from Cell Signaling (Beverly, MA, USA). Mouse monoclonal anti-binding immunoglobulin protein (Bip)/GRP78 antibody was from BD Biosciences (Bedford, MA, USA). Rabbit anti-C/EBP homologous protein (CHOP; GADD153) was from Santa Cruz (CA, USA). Rabbit anti-actin and anti-cleaved caspase-3 antibody was from Sigma-Aldrich. The proteins were visualized using enhanced chemiluminescence reagents (Pierce, Rockford, IL, USA). The images of the blotted membranes were obtained by an LAS-1000 lumino-image analyzer (Fuji Film, Tokyo, Japan). Densitometric analysis was performed with the same instrument.
Measurement of cellular ROS production
Intracellular ROS were measured by a fluorescent dye technique (Kozaki et al. 2007 ). MIN6 cells were cultured on glass cover slips and were treated for 30 min with 20 μM 2′,7′-dichlorofluorescin diacetate (H2DCFDA, Molecular Probes) in phosphate buffered saline. The cover slips were fixed and mounted. For the detection of fluorescence of 2′,7′-dichlorofluorescein, the main beam splitter for excitation, the secondary beam splitter for emission, and barrier filter were 488, 570, and 505 nm long pass, respectively. Several images were captured with the same set of optical parameters. The densitometric analysis was performed using a Multi-Gauge software in LAS-1000 (Fuji Film).
Statistical analysis
Statistical analysis was performed with ANOVA followed by Bonferroni's multiple t test, and a p value <0.05 was considered statistically significant.
Results
Cholesterol loading induces apoptosis of MIN6
250× CCLC used in the present study is protein-free watersoluble cholesterol/methyl-β-CD complexes, using the CD as a vehicle (Gorfien et al. 2000) . The concentration of CD in the CLC is very low (about 10 −4 %), enabling us to load cholesterol to MIN6 cells without inducing significant cell toxicity. As shown in supplemental Figs. 1a, b, loading of CD up to 0.001% did not have any effect on adherent cell number and morphology. The CLC was diluted 50, 100, and 250 times by the growth medium and loaded to MIN6 cells. As shown in Fig. 1a , many MIN6 cells were detached within 24 h after cholesterol loading in a dose-dependent manner; a significant decrease being observed at 250 times dilution of the CLC. On the other hand, most of cholesterolunloaded cells (control) remained adherent. The number of detached cells after cholesterol loading for 48 h was significantly higher than that after 24-h loading of cholesterol stock. These data demonstrated that cholesterol loading induces deleterious effect on cell adherence of MIN6 cells in dose-and time-dependent manners. Statistical analysis demonstrated that decrease in the adherent cell number induced by cholesterol loading were significant (Fig. 1b) . The 250 times dilution of the CLC was used in the subsequent experiments.
To determine whether the cell death of MIN6s was because of apoptosis, both cholesterol-loaded andnonloaded cells cultured on the cover slips were subjected to the immunocytochemistry using the antibody against the active caspase-3. Caspase-3 is synthesized as inactive proenzyme that is processed in cells undergoing apoptosis by self-proteolysis and/or cleavage by other upstream proteases (e.g., caspases 8, 9, and 10). The detection of active caspase-3 is widely used in many cell lines undergoing apoptosis (Jakob et al. 2008; Resendes et al. 2004) . As shown in Fig. 1c , cells with intense fluorescent signals were significantly more in the cholesterol-loaded group than those in control group. This result demonstrated that cholesterol loading induces apoptosis of MIN6 cells. This was again confirmed by TUNEL staining (Fig. 1d) . Only few TUNEL-positive cells were detected in control cells, whereas about 40% of the adherent cholesterol-loaded cells were positively stained at 24 h. This increase in the number of TUNEL-positive cells was significant after cholesterol load (Fig. 1e) .
It was also reported that the insulin secretion was impaired by cholesterol accumulation in MIN6 cells (Hao et al. 2007 ). We thus examined the effect of cholesterol loading on the insulin secretion in MIN6 cells. As shown in supplemental Fig. 2 , the insulin secretion in response to 20 mM glucose in cholesterol-loaded cells was much less than that in control cells, suggesting that the glucosestimulated insulin secretion was also significantly impaired by cholesterol-loading in β cells.
Cholesterol depletion prevents MIN6 from apoptosis induced by cholesterol loading Methyl-β-CD is a specific cholesterol-binding agent that selectively extracts the unesterified cholesterol from plasma membrane (Gustavsson et al. 1999) . To confirm the apoptosis of MIN6s because of cholesterol accumulation on plasma membrane, the experiment using CD was Cho. 100x
The concentration of cho. performed. As shown in Fig. 2a , many of cholesterolloaded MIN6 cells were detached at 24 and 48 h after cholesterol exposure (Fig. 2a, cho. ). The treatment with 0.125% of CD in cholesterol-loaded cells, however, prevented cells from detachment induced by cholesterol loading (Fig. 2a , CD/cho.). Treatment of the control cells with 0.125% of CD did not affect the viability of cells attachment or cell morphology, indicating the minimal cytotoxicity of CD used (Fig. 2a, CD) . The difference in adherent cell numbers between cholesterol-loaded and CD/ cholesterol-loaded loading cells was significant (Fig. 2b) .
The effects of cholesterol loading and CD treatment on total sterol contents in MIN6s were studied (Fig. 2c) . The treatment of cholesterol-loaded cells with CD restored the cellular cholesterol contents in MIN6 cells.
These data thus strongly suggested the viability of MIN6s was sensitive to the cholesterol accumulation in plasma membrane.
Stress-related cell signaling is activated under cholesterol loading on MIN6 cells Hypercholesterolemia is the major risk factor for atherosclerosis. Free cholesterol accumulation induces apoptosis of macrophage through endoplasmic reticulum (ER) stress or oxidative stress (Feng et al. 2003; Yao and Tabas 2001) . The cholesterol loading also induces apoptosis in the neuronal cells (Inoue et al. 1999) . Cells respond to various stresses by an upregulation of stress-activated protein kinases (SAPKs) such as JNK and p38 MAPK (Johnson and Lapadat 2002) . SAPKs are a family of signal transduction proteins that are activated under a diverse set of environmental cellular stresses such as oxidative stress and ER stress (Xu et al. 2005) . The prolonged activation of JNK, p38, and its subsequent phosphorylation of various transcription factors have been implicated in the initiation of the apoptotic cascade (Xia et al. 1995) . Taken together, it is possible that apoptosis in β cell induced by cholesterol loading could be mediated by the activation of stress-SAPKs pathway. In addition, there are several evidences showing β cell damage and insulin resistance appear to be at least partially triggered by inflammatory, oxidative, and endoplasmic reticulum stress-induced pathways including the MAPK signaling cascade (Wellen and Hotamisligil 2005) . To explore possible involvement of SAPKs in apoptosis of MIN6s induced by cholesterol loading, we determined the phosphorylation status of these kinases by Western blot analysis. Phosphorylation of T180/Y182 and T183/Y185 are required for the activation of p38 MAPK and JNK, respectively (Fleming et al. 2000; Raingeaud et al. 1995; Tobiume et al. 2002) . We thus used the antibodies against P-p38 MAPK (T180/Y182) and P-JNK (T183/Y185) to examine the activation of p38 A. Cholesterol induces pancreatic β cell apoptosis through oxidativeand JNK. The results are shown in Fig. 3a , exposure of MIN6 to cholesterol activated p38 MAPK and JNK (P-p38, P-JNK in Figs. 3a, b ) within 3 h, and the activation of p38 MAPK persisted for 24 h, while the levels of total p38 MAPK and JNK remained unchanged (p-38, JNK in Fig. 3a) . When analyzed quantitatively, the degrees of phosphorylation of these kinases in cholesterol-loaded MIN6 cells at indicated time points were significantly higher than those in control. The sustained activation might trigger apoptosis of cholesterol-loaded MIN6 cells because it is reported that the amplified stress response of SAPKs induces growth arrest and cell death (Fleming et al. 2000; Marshall 1995) .
To further identify the significance of activation of p38 and JNK signaling in β cells exposed to cholesterol, we investigated the effect of SAPK inhibitors in rescuing cells from apoptosis induced by cholesterol loading. Indeed, activation of the MAPK JNK represents a central signal transduction event promoting peripheral insulin resistance, suppressing insulin production and secretion, and increasing apoptosis of islet cells (Hirosumi et al. 2002; Kaneto et al. 2004 ). However, the role of the p38 MAPKs (which are closely related to JNK) in these processes remains poorly understood. Our results were shown in Fig. 3c , the adherent cell number of cholesterol loading cells was significantly decreased, compared to that of control. The addition of SB205830, a specific p38 chemical inhibitor, to the cholesterol-loading cells significantly increased the adherent cell number when compared to that of cholesterol-loaded cells. The treatment of specific JNK inhibitor SP600125, however, did not have significant effect on rescuing cells from cholesterol-induced cell death. The combination of SB205830 and SP600125 showed the similar adherent cell number as SB205830. This data strongly demonstrated that the p38 MAPK signaling plays a key role in cholesterol-induced apoptosis in β cells. This is similar to the previous report demonstrating that cholesterol, as the main component of LDL, activates stress-activated , 3, 6,24, 48 , and 72 h after the exposure to 250 times diluted CLC, and subjected to Western blot analysis using antibodies against phospho-T180/Y182 p38 MAPK (P-p38), total p38 MAPK (p38), phospho-T183/Y185 JNK (P-JNK, P-p54,Pp46), total JNK (JNK, p54,P46), Bip, CHOP, phospho-S347 Akt(PAkt), total Akt(Akt) and actin. The representative images are shown in a. The quantitative results are shown in b. The phospho-kinase levels were normalized by the actin levels, and are expressed as relative changes of the level at 0 time point. Mean±SD (n=3). *, #p<0.05 vs. the 0 point. The cells were loaded by the cholesterol alone or by the combination of cholesterol and SAPK inhibitors as indicated manner for 24 h. SB203580, 10 μM; SP600125, 10 μM. The number of adherent cells were then counted after removing the detached cells and trypsinization, and expressed as percentage of the number of cholesterol-nonloaded control cells (c). Mean±SD (n=3). *p<0.05 vs. the levels of control p38 MAPK signaling in cells from the vessel wall, an event that might contribute to the development of atherosclerosis (Dobreva et al. 2005 ). We next investigated the possible contribution of ER stress after cholesterol loading. ER stress is characterized by increased level of ER stress markers such as CHOP and immunoglobulin heavy-chain Bip, a major ER chaperone. Western blot analysis revealed that expressions of both Bip and CHOP in the cholesterol-loaded cells were not increased significantly, compared to those in control. This result suggests ER stress pathway was not activated during the cholesterol loading-induced apoptosis of MIN6 cells (Fig. 3a, Bip and CHOP) .
Cholesterol is the main component of lipid raft/caveolae, which functions as a platform of cell signaling proteins including insulin-Akt-Bad signaling, an important cascade in maintaining cell survival. It was reported that endogenous cholesterol depletion by serum depletion could destroy caveolae structure and induce apoptosis of mouse embryonic fibroblast prepared from DHCR24 −/− mice (Lu et al. 2006 ).
We thus examined the change in active and phosphorylated Akt (P-Akt) after cholesterol loading in MIN6s. The Western blot analysis showed that level of P-Akt was significantly increased within 6 h and reached to a peak at 24 h after exposure to cholesterol, followed by a decrease after 48 h and recovered to the initial level at 72 h after cholesterol loading, while the total Akt remained unchanged (Figs. 3a, b ; p-Akt and Akt). Taken together, these data from Western blotting suggested that the cholesterol loading in MIN6 cells activates stress-related p38 MAPK signaling as well as survival-related Akt signaling within the early time after cholesterol exposure. The transient activation of Akt might be caused by increased formation of lipid raft/caveolae by the cholesterol overload. Since the activation of Akt was suppressed when cholesterol loading was continued, the sustained activation of SAPKs might contribute to the apoptosis by cholesterol loading. These data suggested there might be crosstalk between SAPKs signaling and Akt cascade.
Oxidative stress contributes to cholesterol-induced apoptosis of MIN6
Several reports have shown a link between high dietary cholesterol and/or fat exposure to oxidative stress in animal model. These studies showed an upregulation of ROS production, lipid peroxidation, and oxidized nucleotides and proteins, reflecting the increased oxidative stress in response to high-cholesterol or high-fat diet (Zhang et al. 2005; Montilla et al. 2006) . To study the possible effect of cholesterol accumulation on ROS generation in MIN6 cells, the effect of reduced form of GSH on protection of β cells from cholesterol-induced apoptosis was investigated. As shown in Figs. 4a, b , the adherent cell number of cholesterol/GSH group was significantly increased compared to that of cholesterol-loaded cells. This suggested that the excess ROS generation after cholesterol loading might contribute to the apoptosis. To confirm this possibility further, the intracellular ROS levels were measured after
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Cho./GSH B. exposure to cholesterol, utilizing a cell permeable indicator for ROS, H 2 DCFDA. As shown in Figs. 4c, d , confocal microscopic images revealed that cholesterol loading markedly increased the fluorescent intensity in most of MIN6 cells while much weaker signal was observed in control, as well as in cholesterol/GSH group. This effect of cholesterol loading persisted for 12 hs. This is consistent with the previous report that free cholesterol loading induces the generation of ROS after 12 h of cholesterol exposure in macrophage (Hung et al. 2006) . The generation of excess ROS due to overproduction will damage DNA, protein, and membrane lipids (Orrenius et al. 2007 ). In addition to such direct effects on cell components, ROS excess has been demonstrated to affect the intracellular signaling cascades that involve SAPKs, resulting in apoptosis (Johnson and Lapadat 2002) .
Discussion
The present study for the first time demonstrated that the intracellular cholesterol accumulation induces apoptosis of MIN6 pancreatic β cells (Figs. 1-2 ). It has been reported that MAPK cascades play an important role in regulation of cell viability, proliferation, senescence, and death. In mammals, there are three MAPKs: extracellular signalregulated kinase (ERK), p38 MAPK, and JNK (Orrenius et al. 2007 ). Whereas ERK mediates proliferative stimuli, p38 MAPK and JNK are mainly involved in signal transduction for stress responses and apoptosis especially when cells are under stress such as oxidative stress and ER stress. These kinases are thus called SAPKs. To clarify the molecular basis of cholesterol-induced MIN6s apoptosis, we first examined activation of SAPK cascades (Figs. 3a, b) . p38 MAPK and JNK in cholesterol-loaded MIN6s were rapidly and persistently activated, and the activation lasted at least for 3 h. It is known that transient and persistent activation of SAPKs results in different cell fate (Marshall 1995) . Early/transient activation of p38 MAPK/JNK is associated with cell survival, while late/sustained activation leads to apoptosis. Therefore, the apoptosis of MIN6s upon cholesterol exposure was likely to be caused by the persistent activation of p38 MAPK and JNK. The experiments utilizing SAPK inhibitors further demonstrated that the p38 MAPK, other than JNK signaling plays an important role in the apoptosis of β cells loaded with free cholesterol (Fig. 3c ). p38 MAPK signaling was recently found to be important for the insulin secretion and for survival of pancreatic cells by regulating protein kinase D (Sumara et al. 2009 ). They found that p38δnull mice are protected against high-fat feeding-induced insulin resistance and oxidative stress-mediated cell failure. Interestingly, we also observed the similar results showing that cholesterol loading impaired the insulin secretion of β cells (Supplemental Figure 2 ). Our data confirmed the significance of p38 MAPK signaling in both insulin secretion and cell survival of pancreatic β cells at the cellular level. We next investigated the possible stresses induced by cholesterol loading in MIN6s. The expression of Bip and CHOP, two ER stress markers revealed no significant changes after cholesterol loading (Fig. 3a) . The experiment using H 2 DCFDA, however, clearly demonstrated that cholesterol loading induced ROS generation in MIN6 cells. Consistent with this result, GSH rescued β cells from cholesterol-induced apoptosis by reducing intracellular ROS (Fig. 4) . These data suggested that the excess generation of ROS by cholesterol loading induces the persistent activation of the p38 MAPK signaling. Taken together, it was demonstrated that apoptosis of MIN6 cells induced by cholesterol loading is mediated through oxidative stress pathway.
A previous study has reported that free cholesterol accumulation could induce ER stress-mediated apoptosis in macrophage (Feng et al. 2003) . The authors used combination of an inhibitor of acyl-CoA: cholesterol acyltransferase (ACAT), 58035 and U18666A, an inhibitor of cholesterol trafficking to ER. It was demonstrated that the cholesterol accumulation in ER depletes calcium stores of ER, resulting in the ER stress and apoptosis. However, the other groups demonstrated that the plasma membrane is the site of free cholesterol accumulation induced by ACAT inhibitor and this triggers cell death by apoptosis (KellnerWeibel et al. 1999) . The CLC used in the present study is protein-free, water-soluble cholesterol/CD complexes. This kind of cholesterol-loaded CD is made of the combination of more cholesterol and much less CD so that it can deliver the cholesterol into plasma membrane directly and increase the cholesterol content in the plasma membrane. The plasma membrane thus should be the site of cholesterol accumulation by the CLC-mediated delivery in the present study. These data together suggested that there are different sites of cholesterol accumulation in cells under the different experimental conditions, which may result in the different mechanism of cholesterol-induced cytotoxicity.
In the present study, we measured the concentration of intracellular cholesterol in MIN6 cells after 250× cho./CD complexes (CLC). If we use the μmol/4×10 7 cells as the unit, we can compare the concentrations with those in human platelets measured by other researchers (Tada et al. 2010 ). Our present experiments showed that the intracellular cholesterol levels are 8 μmol/4×10 7 cells in control, 9.6 μmol/4×10 7 cells in CLC-loaded cells. These data were similar to those obtained from the platelets prepared from healthy control and diabetic patients (11.9 and 15.6 μmol/4×10 7 cells, respectively). The data obtained from mice strongly demonstrated only elevated plasma total cholesterol level rather than free fatty acid leads to increased islet cholesterol (Hao et al. 2007; Tada et al. 2010 ). In addition, in the West of Scotland Coronary Prevention Study trial, plasma LDL cholesterol was lowered by 26% with pravastatin; and over the following 6 years, the risk of developing T2D was reduced by 30% (Freeman et al. 2001) . Taken together, we believe that the elevated LDL concentration in plasma should also increase the content of cholesterol in islet β cells in human T2D patients.
A question arises whether the effect of cholesterol loading is specific for pancreatic β cells. We previously tested the cholesterol loading on the different cell types and found cholesterol has opposing effect on different cell types. The same extent of cholesterol loading induces the cell death not only in MIN6, but also in HEK 293 cells and in mouse embryonic fibroblasts, while it stimulates proliferation of mouse neuroblastoma cell line N2A cells (unpublished data). As shown in the present study, cholesterol loading in MIN6s activates stress-related SAPKs as well as survival-related Akt signaling within the early time after exposure to cholesterol. The transient activation of Akt might be caused by increased formation of lipid raft/caveolae by the cholesterol overload. There is a cross-talk between SAPKs stress signaling and Akt survival pathway under the condition of cellular cholesterol accumulation. Which signaling is dominant seems to be tissue/cell-type specific.
How cholesterol in the plasma membrane induces oxidative stress is still unclear. Emerging evidence indicates that cholesterol-rich microdomains of plasma membrane, lipid rafts and/or caveolae may be critically involved in distal redox-sensitive signaling events and ultimate cell fate. Zhang et al. elegantly demonstrated that death receptor ligands and apoptotic factors stimulate lipid raft clustering, which results in aggregation and activation of NAD(P)H oxidase and consequent endothelial dysfunction (Zhang et al. 2006) . Hence, lipid rafts are implicated in both growth and death signaling through NAD(P)H oxidase-generated ROS. It has been reported that cholesterol accumulation in the plasma membrane promotes formation of membrane lipid raft (Gaus et al. 2003) . Taken together, it is suggested that cholesterol loading-induced apoptosis of MIN6 cells might be mediated through promoted formation of lipid raft, resulting in the activation of NAD(P)H oxidase and generation of ROS, which activates SAPKs, JNK, and p38.
In conclusion, the present study demonstrated that cholesterol accumulation in the plasma membrane induces apoptosis of MIN6 through generation of ROS and activation of p38 MAPK signaling pathway. The cytotoxicity of cholesterol has been recognized most in the macrophage and in vascular endothelial cells. Our finding provides direct evidence at the cellular level that hypercholesterolemia under diabetic conditions impairs not only cardiovascular but also pancreatic β cell functions. This indicates that prevention of hypercholesterolemia could be useful in treating T2D.
